The soybean aphid, Aphis glycines Matsumura, is a pest of soybean [Glycine max L. (Merrill)] in Asia, and its recent establishment in North America has led to large, recurring outbreaks that have challenged pest management practitioners to seek environmentally responsible means for its control. Growth-chamber experiments identified resistance to A. glycines in soybean lines 'Perrin'; 'Tracy-M,' its glabrous near-isoline 'D88-5328,' and its densely pubescent near-isoline 'D88-5272'; 'D75-10169,' its glabrous near-isoline 'D90-9216,' and a densely pubescent near-isoline 'D90-9220.' Tracy-M and D75-10169 were antixenotic to A. glycines in host-selection tests. In no-choice nymphiposition tests, the number of nymphs deposited by A. glycines on D75-10169, Perrin, and Tracy-M did not differ from that on other lines after 24-and 48-h test periods. Under conditions in which A. glycines were free to distribute on plants over a 48-h period, aphids were found primarily on stems and trifoliolate leaves of Perrin, Tracy-M, D75-10169 and a resistant control, 'Dowling,' whereas the majority of aphids infesting susceptible lines '91B91' and 'Davis' were distributed on unifoliolate leaves. Irrespective of shoot structure, low numbers of A. glycines were found on Dowling compared to other lines. The mean number of days to reproductive maturity for A. glycines did not differ among lines. Aphis glycines produced fewer nymphs during the first 7 d of reproduction on Perrin, Tracy-M, D75-10169 and Dowling compared to Davis, and fewer A. glycines progeny were produced on D75-10169 and Dowling than on 91B91. Results show that Dowling continues to be a strong source of resistance to A. glycines. Perrin, Tracy-M, and D75-10169 have been used as sources of resistance to other insects, and discovery of resistance to A. glycines in these three lines may increase their utility in soybean breeding programs.
INTRODUCTION
The soybean aphid, Aphis glycines Matsumura, is a pest of soybean in Asia (Wang et al., 1996) , and it has recently become a serious pest of this crop in the U.S. and Canada (Venette and Ragsdale, 2004) . In many areas, large populations of A. glycines develop on soybean plants and cause yield loss (Myers et al., 2005) . Aphis glycines vectors several persistently and nonpersistently transmitted viruses of soybean (Clark and Perry, 2002; Burrows et al., 2005; Wang et al., 2006) , and these viruses may cause further yield loss. Recurring outbreaks of A. glycines in North America have challenged pest management practitioners to devise environmentally responsible means of protecting soybeans (Rutledge et al., 2004) . Currently, insecticides are recommended to manage A. glycines until other approaches, such as host-plant resistance, are developed (Rutledge et al., 2004) .
Plant resistance is often the hub of a sustainable pest-management system (Panda and Khush, 1995; Wiseman, 1999) , and thus there is need to develop soybean varieties that are resistant to A. glycines. Soybean lines with resistance to A. glycines have recently been identified Li et al., 2004; Mensah et al., 2005; Diaz-Montano et al., 2006; . To date, however, resistance to A. glycines is known only for a single dominant gene, Rag1, in cultivars 'Dowling' and 'Jackson' (Hill et al., 2006a, b) . Other sources of resistance to A. glycines may be needed because crop resistance to aphids from single genes has often been overcome by virulent biotypes within only a few years (Panda and Khush, 1995; Smith, 2005) . Thus, it is prudent to search for, identify, and characterize additional sources of resistance to soybean aphid, and our laboratory has been engaged in a series of studies to broaden the pool of resistant sources . In this paper, we report on the results of tests that identify and characterize resistance to A. glycines in additional soybean lines.
MATERIALS AND METHODS

Overview of experiments.
We conducted a series of five growth-chamber experiments at the North Central Agricultural Research Laboratory, Brookings, South Dakota, USA in 2006 and early 2007 to determine resistance to A. glycines among various soybean lines. In each experiment, soybean line Dowling was used as an A. glycines-resistant control, and '91B91' as a susceptible control. The first type of experiment was used to screen for resistance to A. glycines among soybean lines listed. Four follow-up experiments were conducted to characterize modalities of resistance to A. glycines observed among lines. Soybean lines 'Davis,' 'D75-10169,' 'Perrin,' and 'Tracy-M' were used in follow-up tests based on the screening test results.
Soybean aphids. Aphis glycines used in experiments were obtained from a virus-free, multiclonal stock colony maintained for multiple generations on plants of soybean variety 'Asgrow 0801' (Monsanto Corp., St. Louis, MO, USA) in growth chambers (16:8::L:D photoregime with 22°C:18°C::L:D temperature range) at our laboratory. The aphid colony was established by collecting aphids from a soybean field in Brookings County, South Dakota, USA, in summer 2002 and re-stocked with aphids in summer 2005. Soybean aphids newly collected from the field were caged and checked every few hours, with neonate offspring deposited within the first 30 h transferred to noninfested plants to ensure that colony plants were free of aphid-transmitted plant virus. Infested colony plants were maintained 3 to 4 wk, and then infested shoots were cut and transferred to non-infested, two-week-old soybean plants to maintain the colony.
Population-growth screening tests. Soybean lines have been routinely screened for resistance to A. glycines in our laboratory , and several soybean lines were screened for resistance to population growth of A. glycines in two tests during this study, including lines with resistance to other insect pests (Table 1 ). The first test included soybean line 'Tracy-M,' its glabrous near-isoline 'D88-5328,' and its densely pubescent near-isoline 'D88-5272'; '91M70'; 'Perrin'; 91B91; and Dowling. The second test compared soybean line 'Davis,' its glabrous near-isoline 'D88-5320,' and its densely pubescent near-isoline 'D88-5295'; soybean breeding line 'D75-10169,' its glabrous near-isoline 'D90-9216,' and its densely pubescent near-isoline 'D90-9220'; 91B91; and Dowling. Test plants were prepared by placing two seeds of a soybean line into an 8.5-cm square plastic pot filled with a 2:1:1 mixture of soil (fine-loamy, mixed Calcic Hapludolls), vermiculite, and peat moss. One week after planting, pots were thinned to one seedling each based on uniform seedling growth. One pot of each line was placed into a 26.5ϫ51-cm plastic flat. Tests were set up using a randomized complete block design with eight replications, and each flat was used as an experimental block.
Test plants were infested by placing 5 apterous, adult A. glycines without caging on the underside of each unifoliolate leaf of soybean plants (10 aphids per test plant) that were 2-wk-old and in the VC-stage (Fehr et al., 1971; Pedersen, 2004) . Aphids were selected arbitrarily from colony plants, and not necessarily uniform in age. Tests were run under a 16:8::L:D photoregime and 22°C:18°C::L:D temperature range. After 2 wk of infestation, stark differences in population levels of A. glycines were typically evident between susceptible and resistant lines . Thus, 2 wk after infestation, when plants were in the late V1 stage, they were rated as susceptible to A. glycines (Ͼ150 aphids per plant) or resistant (Ͻ150 aphids per plant) . Population ratings for each trial were analyzed separately for differences among lines using a two-tailed, Fisher's Exact Test (Zar, 1996; PROC FREQ, SAS Institute, 2002) . The proportion of resistant plants per line was compared for each test by using a Tukey-type multiple comparison test for proportions (Zar, 1996) . Distribution of aphids within and among plants. Based on observations of the distribution of A. glycines among test lines in the screening tests, we hypothesized that aphids initially placed on unifoliolate leaves would differentially distribute themselves by remaining on or moving off unifoliolate leaves, and that patterns in their distribution on shoot structures would vary by line and time. To test this, we placed five, apterous adult A. glycines per each unifoliolate leaf (10 aphids per plant) without caging on the various lines. Aphids were not caged, and were free to redistribute themselves on test plants. Lines were randomized and appeared once within each of 10 replicate blocks (i.e. 26.5ϫ51-cm plastic flats). After 24 and 48 h, separate counts of adult aphids were made respectively on unifoliolate leaves and on the other shoot tissue of each plant. A categorical log-linear model (Agresti, 1990; PROC CATMOD, SAS Institute, 2002) was used to analyze effects of line, shoot structure, sample time, and their interactions on counts of A. glycines per plant.
Preference for soybean lines: choice test. Differential host selection by A. glycines was tested by introducing 90 apterous adult aphids into the center of a circular arena comprised of 6 plants of different soybean lines (91B91, Davis, Dowling, D75-10169, Perrin, and Tracy-M) and counting adult aphids on each plant 48 h later. Each test arena was constructed from a covered cake-serving tray (29-cm diam). Six equally spaced, circular holes (7-cm diam) were cut into the tray, and each hole held a tapered plastic cup (7.5-cm diam top, 4.8-cm diam bottom, 9.5-cm ht, 2-cm diam hole in bottom) with a test plant of one soybean line. Test plants were prepared by sowing two seeds of a soybean line into a cup nearly full with soil mix. Seeds were covered with 2.5 cm of 40-mesh sand, gently watered, and thinned to one plant per cup 3 d after emergence. The tray was supported by thin metal strips and screws 3 cm above a plastic saucer (28-cm diam, 5-cm ht) held water for test plants. (Kilen and Lambert, 1993) . Resistant to two-spotted spider mite (Elden, 1997) D75-10169 PI 572237; 'Govan'ϫ('Bragg'ϫPI 229358) (Hartwig et al., 1984) ; resistant to lepidopteran larvae and potato leafhopper [Empoasca fabae (Harris)] (Elden and Lambert, 1992) D90-9216 PI 561573; near-isogenic line of D75-10169 for glabrousness and resistant to foliar-feeding insects (Kilen and Lambert, 1993) . Resistant to two-spotted spider mite (Elden, 1997) and sweetpotato whitefly (McAuslane, 1996) D90-9220 PI 561572; near-isogenic line of D75-10169 with dense pubescence and resistance to lepidopteran larvae (Kilen and Lambert, 1993 ) Tracy-M PI 548984; F12 selection from 'Tracy' (Hartwig et al., 1980) . Moderately resistant to lepidopteran larvae (Lambert and Kilen, 1984 ) D88-5272 PI 561575; near-isogenic line of Tracy-M for dense pubescence (Kilen and Lambert, 1993) , and resistant to foliar-feeding lepidopteran larvae ) D88-5328 PI 561570; near-isogenic line of Tracy-M for glabrousness (Kilen and Lambert, 1993) , and moderately resistant to lepidopteran larvae (Zar, 1996; PROC FREQ; SAS Institute, 2002) . Each pooled count was converted to a proportion by dividing by the total number of adult aphids counted, and proportions were separated among soybean lines using a Tukey-type multiple comparison test for proportions (Zar, 1996) . After aphids were counted, shoots were clipped at soil level, rinsed, and measured for width (i.e. distance between apical tips of unifoliolate leaves), length (soil base to tip of extended middle trifoliolate leaflet), and dry weight (45°C for 72 h). Data of plant measurements were subjected to separate analyses of variance (PROC ANOVA; SAS Institute, 2002) for a randomized complete block design. Analysis was also performed for the number of aphids per plant versus shoot width, length, and dry weight to determine if preference for soybean lines by A. glycines was correlated with these plant growth parameters (Unger and Quisenberry, 1997; PROC CORR; SAS Institute, 2002) .
No-choice nymphiposition test. We hypothesized that differences in population growth of A. glycines among test lines stemmed, at least in part, from differential nymphiposition by A. glycines. To test this, we performed two, no-choice nymphiposition tests in which A. glycines were confined by clip cages made from short pieces of plastic tubing (12 mm i.d., 12 mm long) and steel tension-clips (4.6 mm long; Hairart, Gardena, California; . One end of the tube was covered with fine mesh screen (150-mm openings; BioQuip, Rancho Dominguez, California), and the other end was glued to a fiber washer (0.9 mm i.d., 19 mm o.d.). This washer had been glued to a similarly shaped piece of 1-mm thick felt, and another washer was glued to the inner surface of the other clip prong to align with the felt and opposite washer. Test aphids were selected arbitrarily from colony plants, and were not necessarily uniform in age. Two tests were conducted: one in which 5 adults were caged together for 48 h on a test plant, and a second in which 3 adult aphids were caged for 24 h (12 replicates per test). At the end of each test period, nymphs (alive and dead) were counted, and counts were subjected to analysis of variance (PROC ANOVA; SAS Institute, 2002) .
Developmental time and number of progeny. This experiment was a continuation of the 24-h, no-choice nymphiposition test, and it was conducted to test whether lines affected 1) number of days from birth to onset of reproduction and 2) number of nymphs produced by individual A. glycines in the first seven days of adulthood. After the number of nymphs per leaf was tallied for the initial 24-h nymphiposition period, aphids were thinned to one neonate per plant and re-caged. Beginning 5 d later, plants were checked daily for reproductive maturity of the remaining caged aphid. The number of A. glycines and time (in days) to reach reproductive maturity was recorded. When reproduction began, second-generation neonates were counted and removed daily over a 7-d period. For some lines, several nymphs did not survive to reproduce. Because of missing values for aphids that did not reach reproductive maturity, the number of days to reproduction was analyzed by a chisquare test of mean values for each line (Zar, 1996) . If aphids failed to complete 7 d of reproduction, the number of second-generation nymphs was recorded as zero on days which the adult aphid was absent. The test had 12 replicates. Analysis of variance (PROC ANOVA) was used to test the effect of line on number of nymphs deposited over 7 d. Means were separated by soybean line using Tukey's honest significant difference (Zar, 1996) . Because some lines had a low proportion of aphids that reached reproductive maturity, Fisher's Exact Test was used to determine the probability of observing the distribution in survival of aphids among lines. This was followed by a post-hoc, Tukey-type multiple comparison test (aϭ0.05; Zar, 1996) to separate the proportions of aphids that reached reproductive maturity among lines.
RESULTS
Population-growth screening trials
The proportion of soybean lines rated as resistant to Aphis glycines 2 wk after infestation differed among soybean lines in both screening trials (Table  2 ; pϽ0.001, Fisher's Exact Test). In the first trial, soybean lines Dowling, Tracy-M, D88-5272, D88-5328, and Perrin had a greater proportion of plants (87 to 100%) rated as resistant (Ͻ150 aphids per plant) than did lines 91B91 and 91M70, which each had no resistant plants and Ͼ Ͼ150 aphids per plant. In the second trial, Dowling, D90-9216, D90-9220, and D75-10169 had a greater proportion of resistant plants (87 to 100% with Ͻ150 A. glycines per plant) than lines 91B91, Davis, D88-5295, and D88-5320 (0 to 13%).
Distribution within and among plants
The distribution of A. glycines on soybean plants differed by line, shoot structure, and line-x-shoot structure interaction over a 48-h test period (Table  3 ). Figure 1 illustrates marked differences among lines in the number of A. glycines on unifoliolate leaves versus stems and trifoliolate leaf. The majority of A. glycines infesting 91B91 and Davis were distributed on unifoliolate leaves, whereas aphids were distributed primarily on stems and trifoliolate leaves of other lines. Irrespective of shoot structure, the number of A. glycines found on Dowling was less than half present on other lines.
Preference for soybean lines: choice test
The proportion of A. glycines per soybean line was heterogeneous among replicates (c 2 ϭ136.8, d.f.ϭ25, pϽ0.001), revealing that preference for soybean lines was not uniform among replicates. However, when aphid counts were pooled across replicates, preference differed strongly among soybean lines (c 2 ϭ77.4, d.f.ϭ5, pϽ0.001; 
No-choice nymphiposition test
In the first test, the number of nymphs deposited over 48 h differed among soybean lines (Table 5 Zar, 1996) . 
DISCUSSION
Several soybean lines with resistance to A. glycines were newly identified in this study. These lines included Perrin, Tracy-M and two of its nearisolines (D88-5272 and D88-5328), and D75-10169 and two of its near-isolines (D90-9216 and D90-9220). Pubescence and other morphological Zar, 1996) . Proportions based on nϭ521 aphids pooled across 6 replicates. characteristics of plants may affect the settling of aphids and their colonization on plants (Kaloshian, 2004; Smith, 2005) . However, in this study, levels of resistance to A. glycines did not vary among near-isolines that differed in leaf pubescence, i.e. resistance to A. glycines was comparable among Tracy-M and D75-10169 and their respective glabrous and densely pubescent near-isolines, whereas Davis and its glabrous and densely pubescent near-isolines lacked resistance. The lack of differences in aphid population ratings within isoline groups suggests that leaf pubescence is not a morphological resistance characteristic against A. glycines. Similarly, previous results have generally shown that leaf pubescence does not affect population levels of A. glycines on soybean plants. found population levels of A. glycines did not differ among 'Clark,' a glabrous isoline ('L62-1385'), and 'Williams 82,' a susceptible control. One densely pubescent isoline ('L62-1686') had greater populations of A. glycines than Clark, but aphid levels did not differ between Clark and two other densely pubescent isolines ('L73-1046' and 'L76-1815'; Hill et al., 2004) . Our results with A. glycines on isolines of Davis, Tracy-M and D75-10169 differ from those with other arthropods. Growth and development of larval lepidopteran pests were reduced, but oviposition preference by adults was increased by leaf pubescence in isolines of Davis, Tracy-M and D75-10169 (Lambert and Kilen, 1989; Lambert et al., 1992) . Normal and dense pubescent isolines of these three soybean lines were resistant to the potato leafhopper (Empoasca fabae [Harris] , Hemiptera: Cicadellidae), and D75-10169 was more resistant to potato leafhopper than Davis or Tracy-M (Elden and Lambert, 1992) . In contrast, glabrous isolines of the three soybean lines had fewer twospotted spider mites (Tetranychus urticae Koch, Acarina: Tetranychidae) and less feeding damage than normal and pubescent isolines, but there were no differences among the parental lines (Elden, 1997) . Finally, glabrous D90-9216 was less preferred than D75-10169 and pubescent D90-9220 isolines for oviposition by sweetpotato whitefly (Bemisia argentifolii Bellows and Perring, Hemiptera: Aleyrodidae) (McAuslane, 1996) .
Although leaf pubescence was not a resistance factor against A. glycines in the present study, other types of resistance to A. glycines in D75-10169, Tracy-M and Perrin were characterized. Low levels of antixenosis were found in Tracy-M and D75-10169, as less A. glycines adults chose to settle on these two lines than on Davis, but all lines were greatly preferred over Dowling. Antibiosis was evident in D75-10169 and Dowling, as each of these lines limited the number of nymphs that A. glycines produced in the first 7 d of reproduction. Aphis glycines produced fewer nymphs on Tracy-M and Perrin than on Davis, but not less than on 91B91. The combination of antixenosis and antibiosis present in lines such as Dowling and D75-10169 may be effective in preventing A. glycines from reaching economic damage levels and in limiting spread of arthropod-vectored plant viruses by aphids within crop fields (Kennedy, 1976; Gibson and Plumb, 1977 . This result suggests that aphid resistance found in these lines may be expressed more intensely in unifoliolate leaves than other shoot structures. It also suggests that future studies may need to determine resistance levels using both unifoliolate leaves and other shoot structures (i.e., stems and trifoliolate leaves). This paper reports on the results of a third study in a series of experiments conducted in our laboratory to screen soybean lines for resistance to A. glycines. A diversity of soybean lines has been tested in this series, and the aphid-resistant lines share some resistance mechanisms. Previously, showed that resistance in PI 230977 was expressed as decreased survival and reproduction of A. glycines, and that PI 71506 reduced nymphiposition over a 48-h test period. found that soybean lines 'Cobb' and 'Tie-feng 8' also decreased aphid survival and reproduction.
Some of the resistant lines in the three studies share ancestry with soybean aphid-resistant lines identified in other studies, whereas others have a distinct ancestry or else the ancestry is unknown. The aphid-resistant soybean line Jackson is an ancestor of the resistant lines Cobb and D75-10169 (via 'Bragg'). However, the ancestry of D75-10169 also includes 'Soden daizu' (PI 229358), which is a source of resistance to multiple insect pests (Boethel, 1998) , but further study is needed to determine if PI 229358 is responsible for any of the resistance to A. glycines in D75-10169. Hill et al. (2004) argued that the antixenotic line PI 71506 is not genetically related to either Jackson or Dowling because of differences in resistance expression, and stated that genetic relationships of these three resistance sources is currently under study. Tiefeng 8 has a distinct ancestry from these other lines, but its value in resistance breeding in the US is questionable because it suffered a relatively high amount of damage from A. glycines in Michigan (NGRP, 2007b, c) . We are not aware of a published ancestry of PI 230977 ), but we are currently conducting experiments to determine its genetic basis for resistance to A. glycines.
To date, resistance to A. glycines is known only for a single dominant gene, Rag1, in lines Jackson and Dowling (Hill et al., 2006a, b) . Results of the present study show that Dowling continues to have strong resistance to A. glycines. Resistance in Perrin, Tracy-M, and D75-10169 was generally not as strong as in Dowling, but D75-10169 may provide adequate resistance for use in soybean breeding programs. Single-gene resistance, such as that found in Dowling and Jackson, has often been overcome by virulent biotypes of aphids within a few years (Panda and Khush, 1995; Smith, 2005; Smith and Boyko, 2006) , and thus additional soybean lines with resistance to A. glycines may be needed to ensure that host-plant resistance a viable management option. Deployment and proper management of soybean lines with resistance to A. glycines has potential to reduce the frequency of aphicide application and the ensuing economic and environmental costs in soybean production systems (Wiseman, 1999) .
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